Nuclear magnetic resonance (NMR) spectroscopy is a powerful method for determining three-dimensional structures of biomolecules, including proteins. The protein structure determination process requires measured NMR values to be assigned to specific amino acids in the primary protein sequence. Unfortunately, current manual techniques for the assignment of NMR data are time-consuming and susceptible to error. Many algorithms have been developed to automate the process, with various strengths and weaknesses. The algorithm described in this paper addresses the challenges of previous programs by utilizing machine learning to predict amino acid type, thereby increasing assignment speed. The program also generates place-holders to accommodate missing data and amino acids with unique chemical characteristics, namely proline. Through machine learning and residue-type tagging, the assignment process is greatly sped up, while maintaining high accuracy.
INTRODUCTION
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful method for obtaining atomic-resolution threedimensional protein structures, 1 as well as assessing changes in protein conformations or motions due to mutations or interactions with ligands or other biomolecules. Determining a protein's structure is essential for understanding its function and alterations in function, which often lead to disease. The analysis of NMR data, in particular the sequence-specific assignment of backbone and side-chain protein resonances, is an error-prone and time-consuming step during protein structure determination by NMR spectroscopy.
2 This paper describes a computational algorithm that utilizes machine learning in the process of automating the assignment of backbone protein NMR resonances.
BACKGROUND NMR experiments generate information on several variables that can be used in the determination of protein structures. 1 In particular, essential information is provided by the chemical shifts of NMR-active nuclei present in proteins, including hydrogen and isotopes of carbon and nitrogen. 3 The chemical shift is a quantifier for the deviation in the resonant frequency of a nucleus from its value in a structure-free environment, and therefore provides information on the local conformation. Measuring the chemical shifts of all or most of the nuclei in a protein is the first step in determining its structure by NMR spectroscopy. An important set of protein chemical shifts are those corresponding to the nuclei in the backbone of the protein polypeptide chain, including the amide nitrogen (N), attached hydrogen (H), and the alpha and beta carbons (C α and C β ) of each residue. Chemical shift values are measured using various three-dimensional NMR experiments, 4 and then matched to the individual residues in the protein in a process called sequential assignment.
Triple resonance experiments on hydrogen, nitrogen, and carbon nuclei are the method of choice for proteins and other large biomolecules, because they can greatly decrease the amount of spectral overlap in data. 5 Typical experiments for the assignment of backbone resonances include HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH or HN(CO)CACB. 6 These experiments transfer magnetization over the protein polypeptide chain, and thus connect different spin systems through covalent bonds. A spin system contains all resonances belonging to a particular residue in the protein sequence. The order of elements in experiment names indicates the order in which magnetization is passed down the line of nuclei, resonances in parentheses being used only for transfer to the next nucleus. All these experiments produce NMR spectra with common H-N resonance correlations, and provide connectivities between neighboring residues.
7 For example, the HNCACB experiment identifies the chemical shifts corresponding to the C α and C β nuclei of each residue in the protein chain (residue i), as well as the immediately preceding residue (residue i − 1). 8 In this experiment, resonances corresponding to residue i can usually be distinguished from the i − 1 values due to their higher intensity. However, ambiguities can arise if the intensities are comparable or if chemical shift ranges overlap. These ambiguities can be resolved by using additional experiments. For example, the CBCA(CO)NH experiment yields the chemical shifts of the preceding residue only, unambiguously identifying i and i − 1 values. 9 Using all inter-residue connectivities, a chain of correlations through the protein backbone chemical shifts can be established. The pattern of sequentially-linked chemical shift values reflects the linear arrangement of individual residues in the protein sequence. This pattern is then matched to the protein sequence through certain residues with characteristic C α and C β chemical shift values that uniquely identify them. Thus, each measured chemical shift is assigned to a protein residue and can then be used to infer structural information about the biomolecule.
SEQUENTIAL ASSIGNMENT STRATEGIES
The sequential assignment of backbone chemical shifts can be done manually or in an automated fashion. Both approaches follow similar strategies. The process starts by identifying the chemical shifts of i and i − 1 residues from a set of three-dimensional NMR experiments. Many computer programs, such as NMRPipe 10 and SPARKY, 11 can be used to process, analyze, and visualize NMR data. After grouping chemical shifts into spin systems, they are linked into increasingly larger segments by matching i and i − 1 values. This process can be seen in Figure 1 . In parallel, the spin systems are classified into possible residue types, using a set of established chemical shift values for each of the 20 common amino acids found in proteins. For example, alanines have C α and C β chemical shifts ranging from approximately 50 to 56 ppm (parts-per-million), and 17 to 25 ppm, respectively; glycines have unique C α values in the 45 ppm region, and threonines have distinctive C β values in the 68-73 ppm range. 3, 12 Using the residue type information, the linked segments from the resonance sequential walk are iteratively mapped onto the primary protein sequence. The classification of spin systems into amino acid types also has a high potential for error, as the spin systems can look identical or very similar, even for very different amino acids. In recent years, advances in computer technology, accompanied by the increased use of NMR spectroscopy in drug design and structural genomics initiatives, have created a push for the automation of various steps in the NMR structure determination process. 13 These automated methods decrease the time needed to complete the assignment, and attempt to minimize the risk of human error and subjectivity. A wide variety of algorithms and software packages for the assignment of backbone chemical shifts exist, 14, 15 including GARANT, 16 AutoAssign
13,17
and MARS.
18

RELATED WORK
GARANT is an example which has three key elements in an algorithm. 16 GARANT starts by matching observed peaks to expected peaks in the backbone sequence, scoring these values, and then running through an optimization routine. This optimization is similar to simulated annealing, which makes repeated selections until a solution is reached. If the current selection decreases error, it becomes the new structure. If it is worse, a new selection is made based on probability.
13
SPARKY uses a method called AUTOASSIGN, a heuristic, best-first mapping algorithm.
11 This program utilizes five basic steps. It first filters peaks and aligns resonances from different spectra. 17 Then, it groups these resonances based on their spin systems and identifies the amino acid types. Next, the already assigned segments are found and linked together into short chains. Finally, a solution is obtained.
MARS looks to optimize the quality of assignments overall.
18 This program breaks the assignment into segments, assigning up to five pieces into a chain and using them as units in assignment. Then,by combining secondary structure analysis with assignment, the most accurate model is selected and expanded upon. Lastly, MARS tests the chemical shifts for noise and reliability.
Programs such as GARANT, AUTOASSIGN, and MARS, have limitations. The best-first strategies employed by some of these programs may abandon a promising set too early and the optimum solution will not be selected. Many programs also experience difficulty with handling local minimums; not being able to identify these outliers in the assignment process can throw off the optimization process. Further issues also arise when programs try to assign larger protein chains, often needing days to finish assignment and still having very high error calculations. Even though these issues exist, these programs have paved the way for the automation of chemical shift assignments and made significant advances in the field of protein NMR spectroscopy.
Our algorithm utilizes elements from these existing programs, such as cost analysis and sorting amino acids into groups, but employs novel concepts from machine learning to accelerate the assignment process.
MACHINE LEARNING
Machine learning provides algorithms that learn from attributes in the input data to increase performance. Supervised learning, a field of machine learning, builds a model based on numerous data elements and their respective labels. The result is a mathematical model that predicts a label given a set of input attributes. Machine learning algorithms provide excellent solutions for building models that generalize well given large amounts of data with potentially many attributes by discovering patterns and trends in the data; a task that is often difficult or impossible by other means.
Machine learning offers a natural solution to the problem of determining amino acid type from NMR chemical shift values. The overlap in the normal range of C α and C β values among many amino acids makes it difficult to infer the type of residue based solely on chemical shift information. Machine learning algorithms offer a unique approach to this problem and achieve excellent accuracy.
There are several supervised machine learning algorithms that can be applied to improve automated assignment strategies. The J4.8 algorithm 19 builds a decision tree model. This means that the data is split based on a comparison to an attribute of the data, with a branch for each possible outcome of the test. At the end of the tree, the leaf, is the predicted label. In our case this is the amino acid type. To classify a new value, a datapoint begins at the root of the tree and moves through until a leaf is encountered. The encountered leaf is the predicted value for that datapoint. To construct the tree, the attribute test used at each branch is the one that partitions the set in the most useful manner.
The Logistic Model Tree, or LMT, 20 is another tree-based algorithm. In contrast to the J4.8 algorithm, LMT constructs a tree with logistic regression functions at each branch rather than an attribute test. Logistic regression attempts to model class probabilities with linear functions. The weights used for each function can be learned to split each class in a way somewhat analogous to the split in J4.8 described above.
The Decision Table algorithm 21 is comprised of a set of features and a set of labeled data. To classify a new datapoint, the set of labeled data is searched for a match with the new point, considering only the features in the feature set. If no matches are found, the majority class of the labeled data is used. Otherwise, the majority class of the matches is used.
PROGRAM DEVELOPMENT
Our goal is to create an automated program for the assignment of protein backbone chemical shifts that can deliver quality results in a small amount of time without the use of a supercomputer. Our program implements group sorting, machine learning, filtered amino acid selection, and careful cost calculations. The algorithm completes resonance assignment in six steps: (1) the NMR chemical shifts and the protein sequence are used to fill data structures; (2) the protein sequence is processed and empty data structures are initialized for missing data; (3) model created utilizing machine learning is employed to assign possible amino acid types to each spin system; (4) filtering is applied to locate chemical shift values that could potentially be assigned to residue 1 in the protein sequence; (5) the search process continues and identifies the closest-matching sequence until all chemical shift data is assigned; (6) the best solution is recorded and the process is terminated.
Before the algorithm begins the assignment process, machine learning is used to build a model for predicting amino acid type. After the model is trained, the pre-processing component of the algorithm (steps 1 to 3) begins. Pre-processing is where our research has made significant advances; by predicting amino acid types with machine learning algorithms, the assignment time is decreased significantly. Machine learning allows the data to be filtered, significantly reducing the search space and consequently the running time of the algorithm. The algorithm is then able to intelligently search the remaining possibilities for the best assignment (steps 4 to 6).
METHODS
Machine Learning Data Collection
The training dataset for the machine learning algorithm was obtained from the Biological Magnetic Resonance Bank (BMRB), a database of NMR chemical shifts hosted by the University of Wisconsin-Madison. 22 We initially identified 9,736 datasets containing chemical shifts for the C α and C β resonances of 689,977 residues. In order to improve both accuracy and generalization, and to prevent the algorithm from fitting extraneous data, it was necessary to remove outliers from the published datasets. By inspecting statistics available on the BMRB site, we excluded chemical shift values outside three standard deviations of the mean for each amino acid type. This gave us 681,363 pairs of C α and C β values to use for training.
Pre-processing
Step 1 of our algorithm consists of reading the chemical shift values and the protein amino acid sequence from an input file. We use the C α and C β values for each pair of i and i − 1 residues to create an object we will refer to as a tile. A tile holds all the available chemical shift information corresponding to a single residue in the protein sequence to be assigned.
Step 2 of the algorithm converts the primary protein sequence into C α and C β chemical shift values, using statistics available in BMRB. These statistics provide average chemical shift values for each of the twenty common amino acids found in proteins. For example, we assign alanine a C α chemical shift of 53.19 ppm and a C β chemical shift of 18.96 ppm. Next, the algorithm searches the protein sequence for prolines. As prolines lack H-N spin systems, HNCACB and CBCA(CO)NH experiments do not provide C α and C β chemical shifts for this residue. Special tiles, designed to specifically identify the proline residue, are created to handle this case. Identifiers in the proline tiles ensure that these tiles are placed only when the corresponding residue in the protein sequence is a proline. The identifier limits the number of possibilities where the tile can be assigned. The length of the protein sequence is then compared to the total number of tiles created thus far. If fewer tiles exist than the overall number of residues, blank tiles are created to fill the difference. Blank tiles can fit in any location in the assignment. However, large amounts of missing data will deteriorate the algorithm's performance as every blank tile would need to be checked for the best fit in every position in the assignment.
Step 3 assigns possible amino acid types to each tile. The C α and C β values for residue i in each tile are processed by our machine learning model, producing a list of probabilities that a tile represents a certain amino acid. The probabilities correspond to confidence levels used for filtering during the assignment process.
Preprocessing the dataset takes a minimal amount of time (less than a second on a standard laptop) and drastically reduces the time required to assign the chemical shifts without affecting accuracy. The search for the optimal assignment then begins.
The Search
The algorithm initiates an intelligent search through filtered combinations of all possible chemical shifts. The search begins with step 4 by placing the first tile, which is selected based on the filtering process. Only tiles that could correspond to the first amino acid based on a confidence level threshold (0.4% match or better) are placed at residue one. The threshold was chosen by determining the lowest probability for a correct amino acid classification.
At this point, a "cost" of assignment is generated. The cost of placing a tile consists of two parts: (1) the difference between the tile's residue i − 1 values and the previous tile's residue i values, and (2) the difference between the residue i values and the values predicted from the protein sequence. In the case of blank and proline tiles, a fixed cost is added instead of the above calculation. This value is set to ensure a blank tile is neither the best nor worst option, allowing the blank and non-blank tiles to be considered simultaneously by the algorithm. When the first tile is placed, the cost is based solely on a comparison to the protein sequence, and the search moves on to step 5.
In step 5, the algorithm selects the assignment with the lowest cost to continue the search process. The solution is reached when all tiles have been placed in an assignment and the solution has the lowest cost. If the assignment is not a solution, the amino acid type of the next residue in the protein sequence is retrieved. Any unplaced tile that corresponds to that amino acid type with a confidence level above the threshold is placed at the next location in the sequence. In the special case that the next amino acid type is proline, only the special proline tiles are considered for placement. The cost is then adjusted to include the newly placed tile.
Step 5 is repeated until a solution has been reached.
In the final step the search records the solution. The solution assignment, along with the performance (the number of possible assignments searched) is output. Then the algorithm terminates.
RESULTS
The chemical shift dataset used in this study consisted of C α and C β values for the 62-residue long C-terminal domain of the Tfg1 subunit of the yeast transcription factor TFIIF. The chemical shifts were previously obtained by Kilpatrick et al. from HNCACB and CBCA(CO)NH experiments, and manually assigned to 99% completeness. 23 The chemical shift dataset was divided into sub-sections, randomized, and used for algorithmic analysis.
The results of assigning this dataset with different filtering methods are shown in. Figure 2 Each of the tests described in Figure 2 follows a smooth trend, as opposed to a highly irregular trend which would indicate an impediment in the processing and assignment of data. A comparison of the methods indicates that our filtering process results in a significant decrease in number of generated nodes compared to an unfiltered generic search algorithm similar to a predecessor to this algorithm. 24 Since the most time-consuming part of the search is node generation, there is a direct correlation between assignment time and the number of nodes generated. With a 2.3 GHz Intel Core i7 processor and 8 GB or RAM, generating 7036 nodes requires approximately 1 second. The graph in Figure 2 indicates that the LMT machine learning algorithm has the best performance, outperforming the unfiltered method by almost two orders of magnitude, without loss of assignment accuracy. LMT was able to assign all 62 residues within forty-five minutes, whereas the other filters were unable to complete the full assignment within a 12 hour time limit. The LMT model not only accelerates assignment, but also allows for larger datasets to be assigned in the same amount of time. Nodes Generated
Number of Amino Acids
No Filter Decision Table  J4 .8 LMT Figure 2 . Impact of filtering methods on assignment time. Number of nodes (y-axis) is plotted as a function of number of residues (protein sequence length) used in the assignment (x-axis). The search without machine learning filtering is depicted in red. The other three groups (DecisionTable, J4.8 and LMT) are the machine learning algorithms that were used for filtering, e.g. DecisionTable used a Decision Table for the filtering process.
The impact of proline identification on our algorithm's performance is shown in Figure 3 . In the sequence of the studied protein, residue 33 is a proline, for which chemical shifts are missing. The same unfiltered and LMT data from Figure 2 is plotted for comparison. The large jump in assignment time between residues 32 and 33 shows the impact of missing data on performance without filtering and using the LMT model. If the algorithm identifies and handles prolines as a special case, only one more node is generated for the 33-residue long sequence. However, if the proline is not dealt with separately, the algorithm's performance is significantly impacted. Without proline checking, the proline tile is placed in every position in the assignment. The result is a major increase in the branching factor that leads to the jump observed in Figure 3 . With proline checking, prolines are no longer problematic to the assignment process. This indicates that our algorithm can accurately obtain assignments with reasonably fast assignment times even when chemical shift data is missing. Figure 3 . Impact of proline identification on assignment time. Number of nodes (y-axis) is plotted as a function of number of residues used in the assignment (x-axis). Red shows the search without proline checking and without machine learning filtering. Similarly, the search with proline checking without machine learning filtering is depicted in green. The search without proline checking using LMT machine learning filtering is depicted in blue. Utilizing proline checking and LMT machine learning filtering is depicted in pink.
In order to evalueate our algorithm's performance, and effectiveness, we compare the number of nodes generated in our search to the total possible number of nodes. To calculate the total possible number of nodes, we first consider n to be the number of amino acids. The search space will start with a single node, the root node, which has no tiles placed. Call this level 0. The next level of the search space, level 1, will have n nodes, one for each of the amino acids that could go in the first spot. We now have n + 1 total nodes in our search space. Off of each node in level 1, there will be n − 1 nodes. So level 2 will be n(n − 1) nodes in size. We can rewrite this in the form
We can extend this to the ith level by replacing 2 in the denominator with i since there will be (n − i) tiles left to place at the ith level. By doing so, the number of nodes at a given level is
To get the total search space, we sum the levels from i = 0, the root level, until i = n, the level which all amino acids are placed. This yields 
Search Space
We can now evaluate the effectiveness of our algorithm by comparing the number of nodes generated for each of our machine learning filters to the total possible number of nodes. In Table 1 Figure 4 shows the relationship of the number of amino acids assigned and the amount of the search space explored by the LMT model. DecisionTable, J48, and No Filter all show the same general trend. The trend shows that the more amino acids assigned, the more of the search space is removed due to filtering. Due to the factorial growth of the search space, even 10 −79 % of the search space is over 300, 000 nodes in size when taken for n = 62. As we can see, even an extremely small percentage of the search space can have a major impact on the assignment process. The addition of filtering to our algorithm removes large portions of the search space and drastically reduces assignment times.
Our algorithm with LMT filtering and proline checking can complete the 62-residue assignment in approximately 40 minutes on a 2.3 GHz Intel Core i7 processor with 8Gb of RAM. The LMT model with proline checking can complete the assignment of a 43-residue long sub-sequence in less than 1 second, compared to 27, 29 and 30 seconds without filtering, using a Decision Table for filtering and using the J4.8 model for filtering, respectively. In all cases, the solution from the automated algorithm is identical to the manual assignment, indicating that our algorithm is both fast and accurate.
CONCLUSIONS AND FUTURE DIRECTIONS
Our algorithm has made significant advances in the field of automated assignment of protein backbone chemical shifts. We implemented machine learning to filter NMR data in order to reduce the branching factor in a search-based algorithm. This increased our assignment rate by approximately three orders of magnitude, as seen in Figure 3 , while still maintaining the accuracy of the solution.
The use of proline checking and the utilization of machine learning to filter data has shown to be extremely effective in accelerating the assignment. Our algorithm has successfully completed assignments of up to 62 amino acids in 40 minutes without the use of a supercomputer. The same sequence took several days to manually assign. If allotted more time, more residues from a larger dataset could be assigned.
One of our main focuses for the future is handling missing data in a more efficient manner. By examining characteristics of the amino acids in the sequence, we hope to predict where missing data will end up in the final assignment. This would reduce the number of assignments attempted by greatly reducing the number of nodes in the search. Furthermore, we will work to improve the overall performance of our algorithm by optimizing cost calculations and investigate assignment via parallel processing.
We are currently measuring the backbone chemical shifts of a protein previously uncharacterized by NMR spectroscopy. This new dataset will include additional chemical shifts that can be used in the assignment process, such as the backbone carbonyl and H-alpha values. This data will be used to further validate and improve our algorithm. Since the cost calculation is crucial to the effectiveness of our algorithm, additional chemical shifts may prove invaluable to the success of the algorithm for longer protein sequences or incomplete datasets. We are also investigating methods of predicting the final cost of an assignment in order to remove unrealistic assignments early on. Having this information available will help optimize our cost calculation, resulting in a further decrease in assignment times.
